This paper examines what would happen if a hypersonic vehicle flies through an atmosphere laden with ice particles. In a previous research of the present authors, an experiment was performed to determine the characteristics of ice particle impact phenomenon. Therein, the mass loss from vehicle's surface material by the impacts was measured and the fragments' behavior was studied. In the present work, the trajectories of fragments from the stagnation region were calculated at the experimental condition. It was found that the flow in the stagnation region is turbulent. Turbulent flow increases the heat transfer rate to the surface, and consequently the mass loss increases. To determine the extent of heat transfer rate increase, the new turbulence model, tentatively named craterinduced turbulence model, was proposed. Therein, an assumption was introduced that the turbulent mixing length is proportional to the depth of the impact craters. The constant of proportionality was determined from the existing experimental data taken in wind tunnel tests. It is shown that heat transfer rate may increase up to 10.20 times that without ice particle impacts.
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I. Introduction
HEN a high speed vehicle flies through a cloud of rain drops, snowflakes, or hail, damage may occur to the vehicle. Although hail is rare, rain drops exist as ice particles at high altitudes [1~3] . The impacts of such ice particles on a space vehicle are a concern worthy of study. An environment, in which solid or liquid particles impact a flying object, is known as erosive environment. The impacts increase the wearing rate of the heatshield material by two mechanisms: direct gouging of material by forming impact craters and increase in thermochemical ablation rate by an increase in heat transfer rates. A considerable amount of research has been carried out on this subject [4, 5] . However, the results of such studies have not yet been reported in whole, at least in open literature.
The phenomenon of impact of a solid object with a solid surface at a high speed has been studied and reported in open literature in connection with the astronomical impacts [6] . It is well known that, when an asteroid impacts a planetary surface, a crater is formed. In the cratering process, the impacting body is fragmented and, when the impact energy is sufficient, it is vaporized. The target surface loses mass by forming a crater. The mass ejected from the surface is also fragmented and sometimes vaporized.
A theoretical model [7] to describe this cratering phenomenon should predict the quantity of the mass removed from the surface and the momentum and energy imparted to the surface. In order to develop a theoretical model to describe the ice-particle impact phenomenon, the quantity of the mass removed from the surface, the magnitudes of the momentum and energy carried by the issuing mass, and the direction of the issuing mass were measured experimentally [8] by the present authors. The results of this study provide a formula which could be used in determining the surface mass loss rate due to direct gouging.
The behavior of the issuing mass has an impact on the second mechanism of mass removal, i.e., increase in heat transfer rate. It has been observed that, in an erosive environment, the bow shock wave formed over a blunt body bulges forward, and shock layer pressure and heat transfer over the body increase greatly [9, 10] . The exact relationship between the mass, momentum and energy of the issuing mass and the extent of increase in heat transfer is not known presently. However, it is suspected that the increase in the heat transfer is because of the turbulence generated by the fragments. [11, 12] The objective of the present work is to study the consequence of ice particle impacts on heat transfer W phenomenon. A composite material is chosen here because it is commonly used as a structural material for high speed vehicles. A new turbulence model, a modified version of the injection-induced turbulent model [11] , is used in describing this heating environment. An assumption was introduced that the turbulent mixing length is proportional to the depth of the impact craters. The constant of proportionality was determined from the existing experimental data taken in wind tunnel tests. The model is used in determining the heat flux enhancement in the stagnation region.
II. Summarization of Earlier Experimental Results
The heatshield of a reentry vehicle is made in many cases with a composite material. One of those composite materials is carbon/epoxy. In Ref. [8] , the effect of ice particle impacts on a carbon/epoxy was studied experimentally. An ice projectile was accelerated by a two-stage light gas gun. The Mach number of the projectile ranged from Mach 2 to 3. A carbon/epoxy composite material was prepared for the target specimen. Test sets and results are summarized in Table 1 .
In that experiment, a total mass removed from target specimen was measured to be expressible as
(1) In the above equation, M Δ and E denote removed mass in g and projectile kinetic energy in J. From the above equation, crater size was determined as 3 1 ) 2
where, d is the equivalent crater size. From here on, attention will be focused on the increase in heat transfer rate due to particle impacts. An impact produces fragments. The issuing fragments consist of the broken-up pieces of the ice projectile and target material in a powered form. The behavior of ice fragments was obtained from Ref. [13] . The behavior of target material was studied using a witness film and a high-speed camera. Figure 1 shows the issuing mass distribution for Tests 08071702, 08071703, and 08071802. From Fig. 1 , the mass distribution curve was derived as
where, the constants c 1 , c 2 ,and c 3 are 0.2452, 26820, and 4118, respectively. 0 V , a scale parameter related to the total volume, is 5.332x10 7 μm 3 . Scale parameters of ice fragments, σ i , and of target, σ t , are 52 μm and 35.15 μm, respectively. From these values the representative characteristic length, σ, was determined as
where V ice and V target are volumes of fragments of ice projectile and target material, respectively.
The directional distribution of solid particles is shown in Fig. 2 . Ejecta angle, φ, is the direction of ejecta fragments, i.e., inclination angle with respect to the normal direction. From this figure, it can be found that many solid particles are issued at high angles. The fragments' velocity was also empirically formulated in Ref.
where V is the fragments' velocity and V i is the projectile velocity. Here, ) (
represents the effect of ejecta angle. Figure 3 shows the fragments' velocity divided by the projectile velocity in the ejecta angle region for several tests. The line fitted to the data is 
where D min and exponent γ are 1 μm and 0.366, respectively. 
III. Motion of Rebounding Fragments
A. Governing Equations Motion of solid particles issuing from the heat shield wall was studied in Ref. [14] [15] [16] . In those studies, the issuing particles were assumed to be spherical in shape and so the drag coefficient was assumed to be unity, which is the Newtonian value. This assumption was made here also. The density of the fragments was assumed to be that of ice, i.e. 0.919 g/cm 3 . To simplify the problem, only the stagnation region flow, sketched in Fig. 4 , was considered here. The motion of an issuing fragment was dictated by the Newton's equation of motion. The force acting on a particle is the drag. It was calculated as a vectorial sum of the force due to flow motion and force due to particle motion. The angle between the flow and the particle is described by θ . The x-and y-components of the drag force produce the acceleration ) sin(
The particle is heated on the windward side. Total heat transfer to the particle is calculated as the product of the stagnation-point heat transfer rate and the frontal surface area ( ) (9) where the density ρ is s ρ when the particle is inside the shock layer and a ρ when it is outside of the shock layer. The Reynolds number Re is 
Therefore, the blockage-corrected stagnation-point heat transfer rate st q satisfies the equation 
B. Calculated Fragments' Behavior in Shock Layer
In Fig. 5 , the trajectories of the rebounding fragments are shown for those issuing from the ejecta angle φ of 70° for the experimental condition, i.e., mass of ice particle = 0.01884 g and impact velocity = 1020 m/s, at 5 km altitude as listed in Table 2 . The issuing velocity of each fragment is given by Eq. Figure 6 shows the mass variation in the shock layer in detail. As mentioned in the previous section, the most fragments are issuing at high ejecta angles (50 deg ~ 80 deg). Therefore, only the higher ejecta angle fragments are considered. The returning size of a fragment is larger than 96 % of the initial size of that fragment. From this figure, it can be said that most fragments survive in the shock layer.
The trajectories of 136
are shown for different ejecta angles in Fig. 7 . As mentioned before, this figure also considered the only high ejecta angle fragments.
From Refs.
[10~12], it is known that an erosive environment makes flow turbulent in the stagnation region. From above results, it can be said that the ice particle impact can also make flow turbulent because all fragments still exist in the stagnation region even though they are partly vaporized. The impacts at the stagnation point produce ejecta that travel downstream because their path angles are large. But at the same time, the impacts at a downstream point send a portion of their ejecta upstream toward and beyond the stagnation point.
IV. Application of Turbulence Model
In Ref. [12] , Hove and Shih recognized that the kinetic energy of the ice particles in the freestream is equivalent to turbulence energy in the shock layer. The presence of ice particles in the freestream is thus equivalent to having a turbulent freestream flow. Ref. [12] points out that such an increase in the effective turbulence level cannot increase the heat transfer rate in the stagnation region: the flow in the stagnation region moves so slow that the boundary layer tends to become laminar even when the freestream flow is turbulent. The explanation of the enhanced heat transfer rate offered by Hove and Shih was that the surface roughness caused by the ice particle impacts produced the enhancement. Rough surfaces are known to increase the wall heat transfer rate greatly in most cases. However, this explanation is invalid in the stagnation region: it is known that the stagnation-point flow is always laminar even when the surface is rough, provided there is no mass flow injection from the wall [11] .
However, there is a valid explanation of the heat transfer rate enhancement that has never before invoked. The issuing of fragments from the wall after impact is a form of mass injection from the wall. In Ref. [11] , Park theorized that an injection from the stagnation-point wall induces turbulence, and makes the boundary layer turbulent there. Several experimental evidences are given in that work to show the boundary layer flow is indeed turbulent in the presence of wall injection.
A. Description of Existing Injection Induced Turbulence Model
According to Park's theory [11] , the turbulent viscosity at wall w ν is expressed as 
Here, i v is the equivalent injection velocity, which, in the present case, becomes
The time parameter τ was determined empirically to fit the existing ablation data.
In a flow not containing particles, this turbulence energy at wall decays in the boundary layer by the natural decay process such as that described by the ε − k model. [11] However, in the present case of ice particle impact, all fragments remain in the boundary layer. Therefore, the turbulent intensity created at wall, w ν , will not decay.
Thus, the wall heat transfer rate in this case can be calculated by replacing the viscosity μ in the well-known heat transfer rate equation by the effective (combined) viscosity w ν μ + . Because heat transfer rate is proportional to the square root of viscosity, the enhancement ratioi is simply
This relationship holds even when the heat transfer occurs mostly in the form of surface recombination, because the coefficients of effective species diffusion are proportional to the effective viscosity.
B. A New Turbulent Model for Impacting Environment
An improvement to the theory in Ref. [11] is proposed in the present work by utilizing the fact that an ice particle impact produces a crater. This method is tentatively named crater-induced turbulence (CIT) model. In flight, even though ice particle impacts occur at finite intervals, the phenomenon is cumulative. As a result, the heatshield surface will be mostly covered by impact craters. Each crater will produce a local vortex flow motion as shown in Fig. 8 . Therefore, it would seem more appropriate to relate the turbulence mixing length to the dimensions of the crater. It is proposed that the mixing length in Eq. (20) The CIT model still uses the time constant τ in Eq. (19) . The constant of proportionality α and the time constant τ are determined by comparing with the experimental data of Dunbar obtained in a wind tunnel, as given below.
C. Application of CIT Model to Dunbar et al.'s Results
In Ref. 9, Dunbar et al. measured heat flux increase by particle impacts in a wind tunnel. Solid particles (Magnesium oxide, Silicone carbide and glass particles) impacted the graphite and metallic materials, such as titanium, inconel, stainless steel and platinum in their experiment. They plotted the stagnation-point heat transfer rate values obtained using the Stanton number St This result is reproduced in Fig. 9 . Here, the abscissa ) 1
is the ratio of the mass flux of fragments rebounding from the target wall to the air mass flux. The targets consist of the fragments of the projectile particles and the target material. As seen in the figure, heat transfer rate increases by a factor of several due to the particle impacts in the tested range of conditions.
The data in Fig. 9 , was considered to be the condition of no ice particle impacts
The α and τ values can both be determined by demanding that Dunbar et al.'s experimental data are reproduced at more than one data points. The α and τ values so determined are used in calculating the heat transfer rate to the stagnation point in the presence of ice particle impacts. By dividing this heat transfer rate by that without ice particle impacts, the enhance ratioi (see Eq. (23)) is determined. . As seen in Fig. 10 , there is a fair agreement between the present calculation and the wind tunnel data.
D. Application of CIT Model to the Experimental Condition
The above procedure leads to the expression for the heat transfer rate in the presence of ice particle impacts: sec, the heat transfer rate enhancement factor was calculated for the experimental condition given in Table 2 . In doing so, β values are calculated by using the experimental results, Eq. (1) and σ values are calculated by Eq. (4).
The results are presented in Table 3 . In Table 3 , two values of ice mass fraction c α calculated, 0.002 and 0.01, are the average and maximum ice mass fraction given in Ref. [13] , respectively. These average and maximum ice mass fraction are the average and largest ice mass fraction found in the atmosphere in the flight measurement reported in Refs. [1] [2] [3] . As can be seen in the table, in the average icing atmosphere, 002 . 0 = 
Conclusions
In the present work, first, the authors' earlier experimental work is summarized. From those results, trajectories of fragments were calculated. Fragments are only slightly vaporized and stay as solid particles in the stagnation region. These fragments can produce a turbulent flow in the stagnation region. When the flow becomes turbulent, heat transfer rate increases. For the experimental condition considered, the enhancement of heat transfer rate is determined by a new model tentatively named crater-induced turbulence model. In this model, an assumption was made that the turbulent mixing length in the model is proportional to the depth of the impact craters. The constant of proportionality was determined from the existing experimental data taken in wind tunnel tests. The model is used in determining the heat flux enhancement in the stagnation region. It is shown that heat transfer rate may increase up to 10.20 times that without ice particle impacts.
